Levi L, Ziv T, Admon A, Levavi-Sivan B, Lubzens E. Insight into molecular pathways of retinal metabolism, associated with vitellogenesis in zebrafish. Am J Physiol Endocrinol Metab 302: E626 -E644, 2012. First published December 28, 2011; doi:10.1152/ajpendo.00310.2011Retinal is the main retinoid stored in oviparous eggs of fish, amphibians, and reptiles, reaching the oocytes in association with vitellogenins, the yolk precursor proteins. During early presegmentation stages of zebrafish embryos, retinal is metabolized to retinoic acid (RA), which regulates genes involved in cell proliferation, differentiation, and tissue function and is therefore essential for normal embryonic development. While synthesis of vitellogenin and its regulation by 17␤-estradiol (E2) were extensively investigated, pathways for retinal synthesis remain obscure. We determined the expression pattern of 46 candidate genes, aiming at identifying enzymes associated with retinal synthesis, ascertaining whether they were regulated by E2, and finding pathways that could fulfill the demand for retinoids during vitellogenesis. Genes associated with retinal synthesis were upregulated in liver (rdh10, rdh13, sdr) and surprisingly also in intestine (rdh13) and ovary (rdh1, sdr), concomitantly with higher gene expression and synthesis of vitellogenins in liver but also in extrahepatic tissues, shown here for the first time. Vitellogenin synthesis in the ovary was regulated by E 2. Gene expression studies suggest that elevated retinal synthesis in liver, intestine, and ovary also depends on cleavage of carotenoids (by Bcdo2 or Bmco1), but in the ovary it may also be contingent on higher uptake of retinol from the circulatory system (via Stra6) and retinol synthesis from retinyl esters (by Lpl). Decrease in oxidation (by Raldh2 or Raldh3) of retinal to RA and/or degradation of RA (by Cyp26a1) may also facilitate higher hepatic retinal levels. Together, these processes enable meeting the putative demands of retinal for binding to vitellogenins. Bioinformatic tools reveal multiple hormone response elements in the studied genes, suggesting complex and intricate regulation of these processes. extrahepatic vitellogenin synthesis; regulatory response elements; retinoids; carotenoids RETINAL IS THE PREDOMINANT RETINOID in eggs and oocytes of marine fish and some freshwater fish species and may constitute almost the entire pool of retinoids in these eggs. In oviparous eggs of nonmammalian vertebrates such as teleosts, amphibians, and birds, maternally derived retinal is bound via a Schiff-base linkage to vitellogenins (Vtgs) (15, 32, 62, 63, 64, 72 reviewed in 50). The retinal in fish oocytes and eggs consists of several isomers, whereas the all-trans form is the most abundant in zebrafish embryos (15, 44) . The use of the all-trans isomer of retinal for major retinoid storage is unique to reptiles, anamniotic vertebrates (teleosts and amphibians), and eggs of ascidian (33, 34) . This is in contrast to higher vertebrates (birds and mammals), where retinol is the predominant retinoid used by embryos, and all-trans retinal is an intermediate stage in metabolizing retinol to retinoic acid (RA) (56, 76, 79) . RA is involved in cell proliferation and differentiation and tissue function and is therefore essential for normal embryonic development. Retinal is the main retinoid metabolized during early presegmentation stages of embryonic development in the zebrafish. At segmentation stages and later, carotenes and retinyl esters (REs) play a vital role during development (15, 44) .
extrahepatic vitellogenin synthesis; regulatory response elements; retinoids; carotenoids RETINAL IS THE PREDOMINANT RETINOID in eggs and oocytes of marine fish and some freshwater fish species and may constitute almost the entire pool of retinoids in these eggs. In oviparous eggs of nonmammalian vertebrates such as teleosts, amphibians, and birds, maternally derived retinal is bound via a Schiff-base linkage to vitellogenins (Vtgs) (15, 32, 62, 63, 64, 72 reviewed in 50) . The retinal in fish oocytes and eggs consists of several isomers, whereas the all-trans form is the most abundant in zebrafish embryos (15, 44) . The use of the all-trans isomer of retinal for major retinoid storage is unique to reptiles, anamniotic vertebrates (teleosts and amphibians), and eggs of ascidian (33, 34) . This is in contrast to higher vertebrates (birds and mammals), where retinol is the predominant retinoid used by embryos, and all-trans retinal is an intermediate stage in metabolizing retinol to retinoic acid (RA) (56, 76, 79) . RA is involved in cell proliferation and differentiation and tissue function and is therefore essential for normal embryonic development. Retinal is the main retinoid metabolized during early presegmentation stages of embryonic development in the zebrafish. At segmentation stages and later, carotenes and retinyl esters (REs) play a vital role during development (15, 44) .
The pathways for retinal synthesis that are associated with Vtgs have not been studied so far, in contrast to the known pathways leading to synthesis of 11-cis retinal of the vertebrate visual pigment chromophores. Moreover, the pathways associated with the deposition of retinoids and carotenoids within the developing and maturing oocytes are far from being resolved. The cellular pathways for retinoid and carotenoid metabolism are mainly known from studies in mammalian species. These pathways are highly conserved and principally identical among all classes of vertebrates, probably also in fish (reviewed in Refs. 7, 19, 76) . Briefly, retinoids and carotenoids are not synthesized de novo by vertebrates and are acquired from the diet, mainly as carotenoids and REs, and absorbed in the small intestine. Dietary carotenoids are cleaved to retinal, symmetrically or asymmetrically, by the enzymes ␤,␤-carotene-15,15=-monooxygenase (BCMO1) and ␤,␤-carotene-9=,10=-dioxygenase (BCDO2), respectively (41, 80) . Within the intestinal lumen, dietary REs are enzymatically hydrolyzed to retinol in a hydrolase esterification process by two main enzyme activities: retinyl ester hydrolase (REH) and lecithin: retinol acyltransferase (LRAT) (7, 9, 76) . Most of the REs formed in the intestine are incorporated into chylomicrons [CMs (26) ], secreted into the intestinal lymph (7, 8, 76) , and directed into the general circulation. In the liver, uptake of carotenoids and REs is mediated through lipoprotein receptors (LDLR and VLDLR), with the involvement of lipoprotein lipases (LPL and LIPC). Within cells, carotenoids are either cleaved into retinal by BCMO1 and BCDO2 or packed again into lipoproteins for secretion to the plasma (26) . REs are hydrolyzed to retinol, by REH, LPL, carboxylesterase, and phospholipase B (PLB) (14, 25, 26, 54) . Cellular retinolbinding proteins (RBP1 and RBP2) bind to retinol and introduce it to LRAT, thereby facilitating RE synthesis and storage (7, 14) . There are two sources for cellular retinol: hydrolysis of RE or uptake of retinol-RBP4 through STRA6, the RBP4 receptor (39, 76) . Retinol is further metabolized to retinal by aldehyde/retinol dehydrogenases (ADHs and RDHs, respectively) (19, 58) or secreted from hepatic cells bound to newly synthesized RBP4. Retinal is oxidized by retinal aldehyde (RALDH) to RA, which enters the nucleus and activates nuclear receptors. The intracellular level of RA is regulated by cytochrome P-450 enzymes (CYP26s) that degrade RA into nonactive molecules (7, 8, 76) . The central site for retinoid storage is in the liver, as REs within the lipid droplets of stellate cells and LRAT is responsible for RE synthesis in these cells (6) . REs are mobilized to form retinol according to metabolic needs, and retinol bound to RBP4 is released from the liver and transported in the circulatory system to peripheral cells (74) . Extrahepatic storage of REs in cytoplasmic lipid droplets, takes place also in other organs in vertebrates (7) .
Transport of carotenoids and retinoids for deposition in teleost oocytes was suggested to take place through plasma carriers (reviewed in Ref. 46 ). Carotenoids and REs are carried by chylomicrons (CMs), Hdl (high-density lipoproteins), Ldl (low-density lipoproteins) and Vldl (very low-density lipoproteins). Serum albumin may serve as a nonspecific carrier of carotenoids (1) . Retinol is carried by the retinol-binding protein (Rbp4) and retinal by Vtg as part of the Hdl plasma fraction. Uptake of Rbp4-retinol and lipoproteins in target tissues is mediated by membrane receptors [stra6 (39) ] and lipoprotein receptors, respectively (69) . Three alcohol dehydrogenases, adh5a, adh8a, and adh3, were described for zebrafish (66) , and phylogenetic analysis of these ADHs indicates that they share a common ancestor with mammalian class I, II, III, IV, and V ADHs. Zebrafish also express raldh2 (aldh1a2) and raldh3 (aldh1a3) but lack raldh1 (aldh1a1) (12, 61) .
In the fish ovary, lipoproteins (including Vtgs) are presumably sequestered via receptor-mediated uptake by the developing oocytes (17, 45, 65) . Vtgs, the principal carriers of retinoids and carotenoids, are female-specific hepatically synthesized lipoproteins. They are secreted and transported to the ovaries in the plasma during vitellogenesis. Vtgs are incorporated into the developing oocytes, where they form the major component of the egg yolk proteins (3, 18, 51, 78, 91) . Vtg synthesis in the liver is regulated by 17␤-estradiol (E 2 ) and occurs also in E 2 -treated males. Similarly, retinal is found only in vitellogenic females or after treatment of males with E 2 and is bound to Vtg (4, 64) . These observations suggest an association between Vtg and retinal synthesis in the liver and their regulation by E 2 . In addition to Vtg, higher abundance is reported for other lipoproteins in the teleost plasma during vitellogenesis (e.g., Hdl, Ldl, and Vldl) (5, 37, 82) . These lipoproteins, which carry carotenoids and lipids to the ovary, are assembled mainly in the liver and intestine and are also involved in lipid metabolic pathways. In fish, some of the protein components of lipoproteins, the apolipoproteins (apo's) were also found to be regulated by E 2 (47, 55, 87) . apo's are regulated also by the nuclear receptors peroxisome proliferator-activated receptors (Ppars) in mammals (reviewed in Ref. 40) .
In addition to the extraovarian sources of retinoids and carotenoids, several studies report on retinoid and carotenoid metabolism within the ovary in both mammalian and piscine ovarian follicles (11, 70, 71) . In teleosts, expression of rbp4 was reported for the trout ovary (46, 50, 81) , and the protein was located in trout eggs (68) . Also, rbp1 expression was reported in zebrafish ovary (49) as well as the expression of raldh2, cyp26a, and RA receptors [raraa, rarga, rxrba, rxrbb, rxrga, (2) ]. Yet, the pathways for retinoid transport and storage in fish oocytes are still not fully resolved.
An attempt has been made in this study to identify the key players in retinoid and carotenoid metabolism that are associated with synthesis of retinal during vitellogenesis by investigating candidate gene expression profiles in the liver, intestine, and ovary. We first addressed the question whether genes coding for enzymes known to be associated with retinal synthesis from retinol were upregulated in the intestine, liver, or ovary of vitellogenic females. Subsequently, we aimed at identifying more pathways that could bridge the gap for the higher demand of retinoids during vitellogensis. For example, additional amounts of retinol could be acquired from stored REs or by uptake of retinol from plasma Rbp4. Retinal could be obtained also by enzymatic cleavage of carotenoids that are taken up with plasma lipoproteins or lower oxidation of retinal to RA. To explore these different options, we compared the expression patterns of 46 genes presumed to be involved in these pathways in the liver, ovary, and intestine of vitellogenic females, nonvitellogenic females, and males. Last, we investigated whether these genes can be regulated by E 2 by searching for regulatory elements and using bioinformatic tools. Taken together, the results reveal a novel insight for putative retinoid and carotenoid transport, uptake, metabolism, and their regulation during vitellogenesis. The zebrafish serves here as a model species for oviparous teleosts, yet the results are expected to be relevant to other oviparous nonmammalian vertebrates.
MATERIALS AND METHODS

Animals
Zebrafish were purchased from a local fish supplier (A&H Holdings, Netanaya, Israel). All fish were maintained in 5-liter aquaria with UV-treated, recycled, and dechlorinated water and at an ambient temperature of 25 Ϯ 2°C with a light-dark cycle of 14:10 h. The fish were fed twice a day with shrimp nauplii (PGT, Eilat, Israel) in the morning and with fish eggs in the afternoon. Nonvitellogenic females were kept under a light-dark cycle of 6:18 h and fed twice a day with dry pellet food to avoid access to steroid compounds that might be found in live food. All fish were anesthesized with Tricaine (SigmaAldrich, Rehovot, Israel) before experimental procedures (86) , and treatment of fish adhered to institutional regulations.
Sequence Analysis
Data analysis of results from the microarray experiment described in Levi et al. (47) (MIAMEXPRESS no. 51813) revealed 822 genes that were regulated by E 2 during vitellogenesis. Coupled Two Way Clustering (CTWC; http://ctwc.weizmann.ac.il/) for the 822 genes identified ESTs having expression patterns similar to vtg1, vtg3, and esr1. Since retinal synthesis was expected to be coordinated with vitellogenin synthesis, sequences of these ESTs were compared with the nucleotide database (nr) of GeneBank using the Blastn algorithm and revealed three ESTs identical to zebrafish, rdh10, zgc:91936, and LOC407663. The program HomoloGene of NCBI was used for identifying proteins from other species that are homologous with the zebrafish proteins.
Samples Collection for Expression Studies
Samples from the liver, intestine, and ovary were collected from two groups of zebrafish females: 1) vitellogenic females weighing 269 Ϯ 15.8 mg (n ϭ 24) and 2) nonvitellogenic females weighing 124 Ϯ 4.8 mg (n ϭ 24). Liver and intestine samples were collected from males weighing 237 Ϯ 15.2 mg (n ϭ 9). Adipose tissue was removed with forceps from the collected samples. Three replicate pools were prepared for each group, consisting of three individuals in the male group and eight individuals for each replicate of the two female groups. Determination of sex and of developmental stages of ovaries was done by microscopic examination of the gonads (73) . The tissues collected from all three groups were frozen instantly in liquid nitrogen and stored at Ϫ80°C until further use.
RNA Extraction and cDNA Synthesis
Total RNA was extracted from whole liver, intestine, and ovarian tissues of zebrafish with Tri Reagent (Sigma-Aldrich, Rehovot, Israel) according to the manufacturer's protocol, followed by DNase treatment using Turbo DNA-free (Applied Biosystems-Ambion, Austin, TX). For cDNA synthesis, 2 g of total RNA was mixed with 0.1 g of oligo(dT) (Promega, Madison, WI), 4 l of Bio-RT 5ϫ buffer, 2 M dNTP mix (Promega), 200 U of Bio-RT (Bio-Lab, Jerusalem, Israel), and H 2O to reach a final volume of 20 l. After an incubation of 1 h at 37°C, 80 l of H2O was added to the reaction mixture.
RT-PCR and Real-Time PCR
The expression of 46 selected genes was tested in liver, intestine, and ovary samples from vitellogenic females by RT-PCR, using exact primers designed for each transcript (Table 1) . PCR amplifications were carried out with 0.5 l of the cDNA in 20 l of reaction mixture with primers for all genes appearing in Table 1 . The thermal profile for RT-PCR consisted of initial denaturation at 94°C for 5 min followed by 30 cycles of denaturation (94°C for 30 s), annealing (60°C for 1 min), and extension (72°C for 1 min). Amplified products were separated by 1.2% agarose gel electrophoresis. All PCR products were sequenced to confirm their identity and to eliminate the possibility of DNA contamination.
The expression ratios of all transcripts were tested by real-time PCR in the liver, intestine, and ovaries from vitellogenic and nonvitellogenic females and in the liver and intestine of mature males. The relative expression levels of the tested genes were calculated using zebrafish elongation factor 1␣ (ef1a) as a reference gene. The PCR mixture consisted of 0.5 l of cDNA sample, 200 nM of each primer (Table 1) , and 12.5 l of SYBR Green Master Mix (ABgene, Epsom, UK) in a final volume of 20 l. Amplification was carried out in a GenAmp 5700 thermocycler (PE Applied Biosystems, Carlsbad, CA) and according to the manufacturer's protocol. Amplification was performed in triplicates, and the results were analyzed using the equation ratio ϭ (E target) CP target sample /(Eef1a)
CP ef1a sample where E ϭ 10
Ϫ1/slop
, according to the method described by Pfaffl (59) .
Analysis of Transcription Binding Sites
The 1,000 nt upstream sequences of the genes in Tables 3 and 4 were retrieved from the July 2007 zebrafish (Danio rerio) Zv7 (danrer5) assembly by the UCSC Table Browser (38) of the UCSC Genome Bioinformatics (http://genome.ucsc.edu/). The sequences were used for searching transcription binding sites by the MatInspector program (Genomatix Software, Munich, Germany; http:// www.genomatix.de).
Protein Extraction and Proteolysis
A pool consisting of liver samples from six nonvitellogenic females was compared with a pool consisting of samples of four vitellogenic females. Liver tissues were homogenized in Tri Reagent. Proteins were extracted according to the manufacturer's instructions. The protein pellets were dissolved in 8 M urea containing 100 mM ammonium bicarbonate. The disulfides were then reduced with 2.8 mM DTT at 60°C for 30 min and carboxymethylated with 8.8 mM iodacetamide at room temperature for 30 min. After three volumes of water were added, resulting in 2 M urea and 25 mM ammonium bicarbonate, the proteins were digested with modified trypsin (Promega) at a 1:50 enzyme-to-substrate ratio overnight at 37°C. To achieve full cleavage, a second digestion was done for 4 h at 37°C.
Mass Spectrometry Analysis
The resulting peptides were desalted using C 18 tips (Harvard Apparatus, Harvard, MA) dried, and resuspended in 50 mM HEPES (pH 6.4). Labeling by dimethylation was done in the presence of 100 mM NaCBH 3 (Sterogene, CA), by adding light formaldehyde (35%; Frutarom, Haifa, Israel) to the control sample, and heavy formaldehyde (20% wt/wt; Cambridge Isotope laboratories, Cambridge, MA) to the experimental samples at a final concentration of 200 mM. After 5 h of incubation at room temperature, the pH was raised to 8.0, and the sample was incubated overnight at room temperature. Neutralization was done with 25 mM ammonium bicarbonate for 30 min, and equal amounts of the light and heavy peptides were mixed, cleaned on C 18 tips (Harvard Apparatus), and resuspended in 0.1% formic acid.
The peptides were resolved by reverse-phase chromatography on 0.075 ϫ 200 mm fused silica capillaries (J&W, Agilent) packed with Reprosil reverse-phase material (Dr. Maisch, Ammerbuch-Entringen, Germany). The peptides were eluted with linear gradients of 5-45% for 90 min and 15 min at 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.25 l/min. Mass spectrometry was performed with an ion trap mass spectrometer (Orbitrap; Thermo-Fisher, Bremen, Germany) in a positive mode using repetitively full MS scan followed by collision-induced dissociation (CID) of the seven most dominant ions selected from the first MS scan.
The mass spectrometry data were analyzed using Sequest 3.31 software (Thermo-Fisher) searching against the Danio rerio section of the NCBI-NR database. Quantitation was done using the PepQuant algorithm of Bioworks and an in-house software program.
Vitellogenin Synthesis Studies
Two experiments were performed [modified after Mosconi et al. (57) ] to test vitellogenin synthesis from zebrafish intestine and ovaries, Experiment 1. Liver, intestine, and plasma samples were collected from males (n ϭ 8) and vitellogenic females (n ϭ 8) to create four replicate pools for each group, and each replicate pool consisted of plasma and tissue samples from two fish. The tissues were removed into Leibovitz's L-15 medium (Biological Industries, Beit Haemek, Israel), washed, and incubated for 24 h at 26°C (with 5% CO 2), in 600 l of culture medium [Leibovitz's L-15 medium, 50%; DMEM (GIBCO, Introvitrogen, Jerusalem, Israel), 35%; 15 mM HEPES (Biological Industries); 1ϫ InTraSel (GIBCO), 50 ng/ml long EGF (Sigma-Aldrich, Rehovot, Israel), 5% heat-inactivated fetal bovine serum (Biological Industries), 1% Pen-Amp-Strp (Biological Industries), 2 nM L-glutamine (Biological Industries), 0.1 g/ml retinol acetate (Sigma-Aldrich)]. Samples from the culture media were collected after 0, 4, 8 24, or 48 h, and tissues were collected at the end of the experiment into Tri Reagent (Sigma-Aldrich) for protein extraction according to the manufacturer's protocol. Experiment 2. Liver and ovaries were removed from nonvitellogenic females into culture medium [same as mentioned above except that L-15 and DMEM were without phenol red (GIBCO, Invitrogen, Jerusalem, Israel)]. Liver and ovaries were removed from 32 females and divided into eight replicate groups. Four replicate groups were treated with E 2, and four replicate groups served as controls. Each replicate group consisted of a pool of either liver or ovaries from four females. The tissues were washed with the culture medium, and four tissues, forming one replicate pool, were placed in 400 l of culture medium. E 2 (100 nM; Sigma-Aldrich) was added to four replicate groups of liver and four replicate groups of ovaries, and all groups were incubated for 48 h at 26°C (with 5% CO 2). Samples from the culture media were collected after 0, 24, and 48 h, and tissues were collected for protein extraction at the end of the experiment. Vtg levels in the media samples and tissue samples were determined with Blood samples in both experiments were collected using MicroHematocrit Tubes with Heparin (VWR, Radnor), and Complete (Roche, Basel, Switzerland) was added as recommended by the manufacturer. Blood cells were removed by centrifugation at 1,500 rpm (4°C) for 15 min, and the serum was stored at Ϫ80°C. Vtg levels in plasma samples were determined as described above.
Gel Electrophoresis and Western Blot Analyses
Samples were subjected to 7.5% polyacrylamide gel electrophoresis (PAGE) according to the procedure described by Laemmli (42) , using a mini PROTEAN II apparatus (Bio Rad, Hercules, CA). The samples were prepared as follows. Zebrafish plasma (1 l) samples were diluted in 20 l of PBS, and 10 g of protein from the tissue extracts and 50 l from the medium samples were mixed with sample buffer and boiled for 7 min before loading on gels. For Western blot analysis, proteins were transferred to nitrocellulose membranes (BioRad). Nonspecific binding sites were blocked with 10% milk in TBS-T (20 mM Tris·HCl, 150 mM NaCl, pH 7.5, 0.01% Tween 20). For detection of Vtg, the membrane was incubated with anti-zebrafish Vtg (Biosense) diluted 1:1,000 in TBS-T over night at 4°C. After incubation, the membrane was washed with TBS-T and incubated with horseradish peroxidase conjugated to goat anti-rabbit IgG (SigmaAldrich, Rehovot, Israel) in blocking solution. After 1 h of incubation, the membrane was washed as described before and the immunoreactive bands were visualized by ECL procedure.
Statistical Analysis
The comparison between the gene expression levels by real-time RT-PCR of males and nonvitellogenic females was by ANOVA (InerSTATa v. 1.3; Microsoft, Sacramento, CA). Comparison using a t-test (InerSTATa v. 1.3) was used to reveal the differences between gene expression levels of vitellogenic females and nonvitellogenic females.
RESULTS
Identification of Genes involved in Retinal Synthesis in the Liver
To identify genes associated with the oxidation of retinol to retinal in the liver of vitellogenic females, we searched for genes that are highly expressed in vitellogenic females and E 2 -treated males among the microarray experimental results reported previously (47) . Three ESTs (Fig. 1 ) matching the zebrafish genes Rdh10 (also known as Rdh10b), LOC407663, and zgc:91936 were identified by screening of a cluster of genes highly expressed in both vitellogenic females and in males treated with E 2 relative to nonvitellogenic females. The proteins coded by these genes show high homology to the proteins RDH10, RDH13, and short-chain dehydrogenase/reductase (SDR) member 13 (DHRS13) of human and other species, respectively. The conserved domain DltE in the protein RDH10 and the conserved domain NADB Rossmann found in RDH13 and SDR are found in enzymes oxidizing retinol to retinal.
Expression Studies of Genes Involved in Retinoid and Carotenoid Pathways
The above-mentioned results indicated that higher levels of retinal could originate from oxidation of retinol. This suggests that higher levels of retinol are needed, and several different pathways can be considered for meeting these demands, such as synthesis of retinol from REs or uptake of retinol from plasma Rbp4. Alternatively, the higher demand for retinal could also be attained by cleavage of carotenoids supplied by plasma lipoproteins or lower oxidation of retinal to RA. To examine these different pathways and their regulation during vitellogenesis, studies were performed to identify the expres- esr1, esr2b, esr2a, ppara1, ppara2, pparb1, pparb2, and pparg. To determine the role of these genes during vitellogensis, the gene expression pattern was determined in the intestine, liver, and ovary of vitellogenic females and compared with the expression pattern in the corresponding tissues of nonvitellogenic females and with the liver and intestine of males. The list of genes and the primers used for RT-PCR experiments is shown in Table 1 . To determine whether these genes function in retinoid and carotenoid pathways, the occurrence of transcripts was first determined by RT-PCR for samples of the liver, intestine, and ovaries of vitellogenic females (Fig. 2) . Subsequently, transcript levels were determined by real-time PCR for the genes expressed in specific tissues (Figs. 3, 4 , 5, 6, and 7). Transcripts for vldlr yielded multiple bands on agarose gels (not shown) after RT-PCR, using three different primer sets, and therefore, the expression levels for this transcript could not be determined. Transcripts for lrata were faintly observed in the liver by RT-PCR and real-time PCR, and since it is known that this gene functions as a hydrolase in the eye (35) , the expression profiles were not included here. Transcripts for cyp26c1 and cyp26d1 were not found by RT-PCR in the tested tissues. Plasma retinoid and carotenoid carrier proteins. The expression levels of vtgs were higher, in general, in vitellogenic females. Several of the vtgs were also expressed in males and in nonvitellogenic females. Among all the vtgs, vtg3 was expressed only in the intestine and liver of vitellogenic females but not in the ovary.
In the intestine, the expression levels of vtg1-7 and vtg1-l were significantly higher in vitellogenic females than in nonvitellogenic females or males (by ANOVA and t-test comparisons; Fig. 3A ). Differences were observed in the expression levels of various vtgs, with relatively lower levels of expression for vtg1, vtg3, and vtg5 and extremely low levels for vtg1-l compared with the other vtgs. Surprisingly, transcript levels of three apo's (apoa1, apob, and apoeb) were relatively lower in vitellogenic females, but the expression level of apoa4 did not differ significantly between vitellogenic and nonvitellogenic females. The expression levels of rbp4, encoding for the plasma retinol binding protein, were similar in the different groups.
In the liver, as expected, transcripts of all vtgs were highly expressed in vitellogenic females compared with nonvitellogenic females or males, and expression levels of vtgs 1-7 were much higher than those of vtg1-l (Fig. 3B) . Lower mRNA levels were found in vitellogenic females for all the genes coding for apoa's, (apoa1, apoa4, apob, and apoeb). Also, here, there were no differences in the expression levels of rbp4 between vitellogenic females, nonvitellogenic females, and males.
In the ovary, higher expression levels were found for genes coding for Vtgs including vtg1, vtg1-l, vtg2, vtg5, vtg6 , and vtg7 in vitellogenic females (Fig. 3C ), as reported above for the intestine and liver. Surprisingly, the expression of apoa4 and apoeb were higher in vitellogenic females, but the expression of apoa1 was lower than in nonvitellogenic females. Also, lower expression levels were found for rbp4, in contrast to the intestine and liver. Transcripts for vtg3, vtg4, and apob were not found in the ovary (see Fig. 2 ).
In summary, similar expression patterns of retinoid and carotenoid protein transporters were found in the liver, intestine, and ovary of vitellogenic females. These include high expression levels of vtgs (with variations in the expression patterns of paralogs between the different tissues) and lower expression levels of other lipoproteins (apoa1, apoa4, apob, and apoeb), except for the higher expression levels of apoa4 and apoeb in vitellogenic ovaries. The expression of rbp4 in the liver and intestine did not differ between the two female groups but was lower in vitellogenic ovaries.
Cellular receptors associated with uptake of retinoids and carotenoids. In the intestine, significantly lower levels were found for stra6, coding for the cellular Rbp4 retinol receptor in bcmo1, bcdo2, lipc,  lratb, rbp1, rbp2, ces2, plb, adh5, adh8a, adh8b, sdr, rdh10, rdh13, rdh1,  raldh2, raldh3, cyp1a1, cyp26a1 , cyp26b1. D: nuclear receptors esr1, esr2b, esr2a, ppara1, ppara2, pparb1, pparb2 and pparg. E: The reference gene ef1a.
vitellogenic females compared with nonvitellogenic females and males (Fig. 4A) . The expression level of ldlr was lower in vitellogenic females than in nonvitellogenic females, but it did not differ from that of males. The genes lipc and lpl were not expressed in this tissue (Fig. 2) .
In the liver, the expression levels of ldlr were significantly higher in vitellogenic females. Expression levels of lpl and lipc were significantly lower in vitellogenic females than in nonvitellogenic females and males by ANOVA (Fig. 4B) . However, t-test comparisons revealed that differences in the expression levels of lpl between vitellogenic and nonvitellogenic females were not significant. The gene stra6 was not expressed in the liver (Fig. 2) .
In the ovary, the expression levels for stra6 and lpl were higher in vitellogenic females, differing from the expression pattern of these genes in the intestine or liver (Fig. 4C) .
In summary, the expression patterns of the cellular receptors seem to be tissue specific. The CM receptor ldlr was downregulated in vitellogenic intestine, upregulated in vitellogenic liver, and not expressed in the ovary. The lpl, involved in uptake of lipoproteins, had lower expression levels in vitellogenic livers. However, lpl and stra6 (involved in the uptake of retinol) were highly expressed in vitellogenic ovaries.
Cellular metabolism of carotenoids and retinoids. In the intestine, expression levels of the genes involved in symmetrical or asymmetrical cleavage of carotenes (bcmo1 and bcdo2, respectively; Fig. 5A ) and synthesis of retinal (sdr, rdh1) were significantly higher in vitellogenic females than in nonvitellogenic females or males (ANOVA, P Յ 0.01). However, t-test comparisons did not reveal significant differences for bcmo1 between vitellogenic and nonvitellogenic females. Significantly lower expression levels in vitellogenic females were found for the RE hydrolases plb and ces2 (associated with synthesis of retinol from REs), of adh8a (associated with synthesis of retinol from retinal), of raldh3 (associated with synthesis of RA from retinal), and cyp26b1 (involved in the breakdown of RA). The genes rbp1 (coding for an intracellular RBP) and cyp1a1 (coding for an enzyme involved in breakdown of RA) were not expressed in the intestine (Fig. 2) .
In the liver, higher mRNA levels were found for bcdo2 (Fig.  5B ) in vitellogenic females. Higher mRNA levels were also found for the genes encoding for the retinal dehydrogenases, including rdh10, rdh13, and sdr (by ANOVA and t-test comparisons) that are associated with retinal synthesis from retinol. In contrast to the intestine, there were no changes in the expression levels of rdh1, which is also associated with retinal synthesis. Significantly lower expression levels of raldh2 and raldh3 were found in vitellogenic females. As for the intestine, lower expression of plb and ces2 (associated with synthesis of retinol from stored REs) was found in vitellogenic females. In addition, lower expression levels were found for lratb coding for a protein synthesizing REs from retinol. Lower and higher expression levels for cyp1a1 and cyp26a1, respectively, were found in vitellogenic females. These genes encode enzymes associated with breakdown of RA. Transcripts for cyp26a1, also associated with breakdown of RA, were not found in the liver (Fig. 2) .
In the ovary, four genes (bcmo1, rbp1, rdh13, and cyp26a1) showed significantly higher expression levels in vitellogenic ovaries, whereas lower expression levels were found for raldh3 (Fig. 5C) .
In general, in the liver, intestine, and ovary of vitellogenic females there were higher expression levels for genes involved in the cleavage of carotenes (bcmo1 or bcdo2), in oxidation of retinol to retinal (rdh1, rdh10, rdh13, and sdr), and RA inactivation (cyp26a1, cyp26b1, and cyp1a1). Lower expression levels were found in the same tissues as for genes involved in the oxidation of retinal to RA (raldh2 and raldh3) and in RE storage and hydrolysis (lratb, plb, and ces2, respectively).
Nuclear receptors involved in regulating processes. In the intestine, a relative higher expression level for the ER esr1 was found for vitellogenic females, but all other tested nuclear receptor genes (esr2b, esr2a, ppara1, ppara2, pparb1, pparb2,   Fig. 3 . Relative expression patterns of genes coding for plasma protein carriers. The expression pattern is shown for the intestine (A), liver (B), and ovary (C) of vitellogenic and nonvitellogenic females, and males, as determined by real-time RT-PCR. Tested genes were rbp4, vtg1, vtg1-l, vtg2-7, apoa1, apoa4, apob, and apoeb. The gene ef1a was used as an internal control. Significant differences in the expression ratios of each gene between the 3 groups (by ANOVA) are indicated on the x-axis by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. Comparisons between vitellogenic and nonvitellogenic females by t-test are shown atop filled bars indicated by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. and pparg; Fig. 6A ) showed lower expression levels in vitellogenic females.
In the liver, the expression levels of the three ERs esr1, esr2b, and esr2a were significantly higher in vitellogenic females than in nonvitellogenic females (P Յ 0.05-0.01, by t-test comparisons; Fig. 6B ). Also, the expression ratios of pparb1 and pparb2 were higher in vitellogenic females and in males than in nonvitellogenic females, whereas the expression levels of pparb1 and pparb2 were higher in vitellogenic than in nonvitellogenic females. Results indicate differences between males and nonvitellogenic females, with lower expression levels for esr2a, esr2b, pparb1, and pparb2 in nonvitellogenic females. The gene ppara1 was not expressed in the liver (see Fig. 2 ).
In the ovary, similarly to the intestine and liver, the expression levels of esr1 were higher in vitellogenic females. The expression levels of pparb1 and pparb2 were higher in vitellogenic females, similar to the situation reported above for the liver (Fig. 6C ).
These results demonstrate that esr1 is the only ER that is upregulated in vitellogenic intestine, liver, and ovary. The other nuclear receptors had tissue-specific expression patterns.
An overview of the gene expression profiles is shown in Fig. 7 . Tissue-specific expression profiles of the four groups of genes are shown in Figs. 8, 9 , and 10 for the intestine, liver, and ovary, respectively.
Proteome Profiling of Liver Samples
Proteome profiling was performed, comparing the liver of vitellogenic and nonvitellogenic females, since the liver was the main site for vitellogenin synthesis (see below). Only 17 of the 39 genes detected by real-time RT-PCR were also identified by quantitative proteome profiling. A comparison between the proteins expressed in the liver of vitellogenic and nonvitellogenic females (Table 2) revealed, as expected, higher levels of Vtg proteins corresponding to matching transcripts of vtgs 1, 2, 3, 5, and 7. The Vtg4 and Vtg6 proteins were not identified, although the corresponding genes showed higher levels in vitellogenic females (Fig. 3B ). This can be attributed to the difficulty of distinguishing between the different genes due the high similarities in their amino acid sequences. For the apolipoproteins; the levels of apoA1 and apoA4 were lower in vitellogenic females but the results for apoB-like proteins and apoEb are not clear. While the level of apoB-like protein was higher (1.8-fold change) in the vitellogenic females, the level of a novel protein similar to vertebrate apoB was lower (0.2-fold change). For the dehydrogenase/reductase-associated proteins, Rdh1 showed a significant higher level (4-fold) in vitellogenic females. The level of the intracellular retinol carrier Rbp2 was lower in vitellogenic females.
Transcription Factor-Binding Sites in the Promoters of vtgs and Other Tested Genes
Real-time PCR results (Figs. 3-7) showed different expression patterns for the eight paralogs of vtg in the three examined tissues (liver, intestine, and ovary), suggesting diverse regulation patterns for the different vtgs. Therefore, the 1,000 bp upstream to the transcription start site of each vtg gene was examined for estrogen response elements (EREs), RA response elements (RARE), and PPAR response elements (PPREs). The results of this analysis revealed different numbers of response elements in the different vtg genes (Table 3) . Surprisingly, the promoter of vtg3 was the only one not showing EREs at the tested promoter region. Moreover, a Ppara binding site was found in the promoter of vtg3, while promoters of all the other vtgs had Pparg binding sites.
The promoters of genes involved in retinoid and carotenoid pathways were also searched for the presence of response elements. There was no apparent correlation between the occurrence of EREs in the different genes and their expression levels in vitellogenic female tissues (Table 4) . Among the three genes encoding for retinal dehydrogenases, only sdr was found to have EREs, suggesting an indirect regulation by E 2 by most genes. All tested genes were found to have additional response elements.
Vitellogenin Synthesis in Extrahepatic Tissues
The results of the expression studies (Figs. 3-7) , together with previous publications (84, 85) , indicated an expression of the vtg genes in the intestine and the ovary in addition to the liver. Since genes associated with retinal synthesis were upregulated in the liver of vitellogenic females at the same time as the occurrence of Vtg synthesis, we examined whether genes associated with retinal synthesis are also associated with Vtg synthesis in the intestine and ovary. We therefore determined Vtg synthesis levels in the intestine and ovary using in vitro-incubated explants of these tissues. Liver explants were used as positive controls. 
Vitellogenin synthesis in the intestine.
A protein band corresponding with zebrafish Vtg at a molecular mass of ϳ170 kDa was detected by Western blot analysis of media samples collected after 24 h of incubation of intestine explants from vitellogenic females (Fig. 11A) . Samples taken from earlier time points or from tissue homogenates did not show protein bands corresponding with Vtg. The Vtg band was also detected in plasma samples and in media samples collected after incubation of 4, 8, and 24 h of livers from the same females (Fig.  11B) , serving as positive controls. Media samples from incubated liver or intestine explants of males that served as negative controls did not show any protein band corresponding to Vtg (Fig. 11, C or D) . Although Vtg was detected in the incubation media and tissues of intestine explants, its level was genes were esr1, esr2b, esr2b, ppara1, ppara2, pparb1,  pparb2 , and pparg. The gene ef1a was used as an internal control. Significant differences in the expression ratios of each gene between the 3 groups (by ANOVA) are indicated on the x-axis by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. Comparisons between vitellogenic and nonvitellogenic females by t-test are shown atop gray columns and indicated by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. bcmo1, bcdo2, rbp1, rbp2, lratb, plb, ces2, adh5, adh8a,  adh8b, sdr, rdh10, rdh13, rdh1, and raldh2, raldh3, cyp1a1, cyp26a1 , and cyp26b. The gene ef1a was used as an internal control. Significant differences in the expression ratios of each gene between the 3 groups (by ANOVA) are indicated on the x-axis by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. Comparisons between vitellogenic and nonvitellogenic females by t-test are shown atop filled bars indicated by asterisks: *P Ͻ 0.05; **P Ͻ 0.01. only 2.7-3.3% of Vtg of liver sections ( Table 5 ). The level of Vtg in the plasma of vitellogenic females ranged from 3.66 to 4.95 g/ml.
Vitellogenin synthesis in ovaries. To examine whether ovaries indeed synthesize the Vtg proteins, it was necessary to use ovaries from nonvitellogenic females, as vitellogenic ovaries already contain yolk proteins. Vtg was first detected in media samples of nonvitellogenic ovaries exposed to E 2 after 24 h of incubation, and the amount of Vtg increased after 48 h of incubation. Due to the low level of Vtg in the culture medium, it could not be detected by Western blot analyses, and its level was determined by ELISA. Vtg was also detected in media samples collected after exposure of livers from the same females to E 2 serving as positive controls. The Vtg levels found in media samples of incubated livers after 24 and 48 h were, on average, 3.9-and 3.3-fold higher (per mg fresh weight), respectively, than those measured in media samples after incubation of E 2 -treated ovaries (Table 6 ). The difference between the amount of Vtg in liver and ovaries was larger per fish, as the fresh weight of four ovaries was only ϳ0.25 of that of one liver. Media samples of nonvitellogenic ovaries and livers incubated for the same time duration without E 2 did not contain Vtg. A substantial amount of Vtg was retained in the tissues at the end of the incubation period.
DISCUSSION
The results of this study point to putative pathways for retinoid synthesis and transport of retinoids and carotenoids into the developing oocytes of zebrafish. The results are presumable relevant for other oviparous vertebrates, as they also depend on retinoids and carotenoids stored in eggs for the proper development of maternally independent embryos.
Hepatic and Extrahepatic Synthesis of Vtg
In the current study, we investigated the putative pathways that could be involved in the synthesis of retinal that binds to Vtg and is subsequently incorporated into the oocytes during their formation in oviparous teleosts. It is assumed that during vitellogenesis higher levels of retinal will be needed in tissues synthesizing Vtgs.
Until recently, the liver was assumed to be the main site of Vtg synthesis in teleosts, although extrahepatic expression of Vtgs was reported previously (84, 85) . In the current study, we show that Vtgs are expressed and synthesized in the intestine and ovary in addition to the liver, but synthesis in the liver is much higher than in other tissues (Tables 5 and 6 ). Presumably, the synthesis of Vtgs occurs in the adipocytes of extrahepatic tissues, as shown recently for Vtg1 (77) . Extrahepatic Vtg synthesis is most probably regulated by E 2 , as shown here for the ovary (Table 6 ) and for adipocytes by Ref. 77 . In zebrafish, the Vtg proteins fall into three main families, represented by vitellogenin 1 or VtgAo1 (with 5 corresponding genes, vtg1, -4, -5, -6, and -7), vitellogenin 2, or VtgAo2, (with 2 vtg2 genes) and vitellogenin 3, or VtgC (encoded by vtg3). Many more vtg genes appear in the genome of zebrafish, and 14 of these genes were tightly linked to chromosome 22, whereas the phosvitinless gene (vtg3) was located on chromosome 11 (20) . metabolism, bcmo1, bcdo2, rbp1, rbp2, lratb, plb, ces2,  adh5, adh8a, adh8b, sdr, rdh10, rdh13, rdh1, raldh2,  raldh3, cyp1a1, cyp26a1 , and cyp26b1. D: genes coding for nuclear receptors presumed to be involved in the regulation of these pathways, esr1, esr2b, esr2b, ppara1, ppara2, pparb1, pparb2, and pparg. The gene ef1a was used as an internal control. For details see MATERIALS AND
METHODS.
Tissue-specific expression patterns were found in the current study, with vtg3 being expressed only in the liver and intestine of vitellogenic females but not in males, nonvitellogenic females, or ovaries of vitellogenic females. The expression levelss of vtg1-l were generally lower than those of other vtgs in the tested tissues, and vtg4 was not expressed in the ovary. As reported previously, tissues from males and nonvitellogenic females were found to express vtgs but at much lower levels than tissues from vitellogenic females. Proteins corresponding to most vtg transcripts (except Vtg4 and Vtg6) were identified in the liver (Table 2 ). It should be noted that genes with lower expression patterns in vitellogenic females indicate that the associated functional pathways were reduced but not completely abolished during vitellogensis.
Putative Pathways Leading to Higher Retinal Levels in Vitellogenic Females
Several pathways may lead to increased synthesis of retinal (see INTRODUCTION) . For example, higher uptake of carotenoids from plasma lipoproteins and their cleavage would yield higher levels of retinal. Another source could be retinol synthesized from REs taken up from plasma chylomicrons or from hydrolysis of cellular stores of REs of lipid droplets. Finally, it may involve higher uptake of retinol from plasma Rbp4. Retinal availability for binding to Vtg could also be derived from lower dehydrogenation of retinal to RA and/or lower levels of RA resulting from its degradation by Cyp enzymes. In the liver, lower excretion of retinol bound to Rbp4 would also result in higher intracellular levels of retinol. The expression pattern of genes associated with these pathways was studied here in the three tissues synthesizing Vtgs, and the conclusions from these studies are summarized below.
Plasma carotenoids as a source for retinal. Higher uptake in the liver of plasma lipoproteins carrying carotenoids was indicated by the higher expression of ldlr in the liver (but not in the intestine). The picture for the ovary remains unresolved due to the occurrence of two transcripts for vldlr in the ovary in real-time PCR experiments. After their uptake, carotenes may be directly cleaved to yield retinal. The higher expression levels of bcdo2 in the intestine and liver indicate that asymmetrical cleavage of carotene (yielding apocarotenals and one molecule of retinal per molecule of carotene) may be the preferred route in the liver and intestine (Figs. 5, A and B, 8,  and 9 ). However, symmetrical cleavage of carotene (yielding two molecules of retinal per one molecule of carotene), by Bcmo1 seems the preferred cleavage enzyme in the ovary.
Higher uptake of retinol. Retinol is transported in the circulatory system by Rbp4, which is synthesized in the liver, but whether Rbp4 is involved in meeting the higher demands for retinoids in the liver, intestine, or developing ovarian follicles remains controversial at this stage. The expression levels of rbp4 in the liver and intestine did not differ between vitellogenic and nonvitellogenic females. Since Rbp4 carries retinol from the liver to extrahepatic target cells, the results indicate that there is no change in the efflux of retinol from the liver during vitellogenesis. Significantly lower rbp4 levels in vitellogenic ovaries compared with nonvitellogenic ovaries suggests that retinol is retained within cells and could be used for putative synthesis of retinal. In trout, the relative expression levels of rbp4 in the liver and ovary did not change during vitellogenesis (68) . Controversial results were found for the regulation of rbp4 by E 2 . While rbp4 transcripts were found to be downregulated by E 2 treatment in the liver of seabream and trout (22 and 67, respectively), E 2 treatment in zebrafish, at physiological doses, did not change its expression levels (47) .
Retinyl esters as a source for retinol. Uptake of REs from plasma chylomicrons or REs stored in hepatic stellar cells or lipid droplets could serve as a source for retinol. The expression pattern of genes associated with retinyl ester metabolism in the liver and intestine indicate that putative higher levels of intracellular retinol probably do not originate from REs (Figs. 8 and 9 ). Moreover, retinyl ester synthesis in the liver and intestine may be reduced, as reflected by the lower expression levels of enzymes associated with synthesis of REs from retinol. Conversely, the higher expression of lpl suggests the synthesis of retinol from REs in the ovary (Fig. 10) .
Retinal synthesis from retinol. Higher synthesis of retinal is suggested by the higher expression levels for genes associated with retinal synthesis from retinol in liver (rdh10, rdh13, and sdr) , intestine (rdh1, sdr) and ovary (rdh13) (Figs. 8 -10 ). In addition, higher levels for stra6 were found in vitellogenic ovaries, indicating putative higher uptake of retinol from plasma Rbp4.
Reduced synthesis of RA and its degradation. Lower synthesis of RA is suggested by the expression pattern of genes in the liver and ovary but not in the intestine (Figs. 8 -10 ). In parallel, an increased degradation of RA is indicated by the upregulation of cyp26a1 in these tissues of vitellogenic females.
In conclusion, the current study indicates that higher levels of retinal could be attained in the intestine, liver, and ovary by oxidation of retinol, cleavage of carotenoids taken up from plasma lipopoproteins, lower levels of oxidation of retinal to RA, and higher degradation of RA. It is also suggested that, in the ovary, hydrolysis of REs is another optional source for retinol.
Inverse Relationship Between Vtgs and Apolipoproteins
An apparent inverse relationship between apolipoproteins and Vtgs is suggested in the current study by the lower expression levels of apolipoproteins concomitantly with the higher expression levels of Vtgs. The expression levels of the apolipoproteins apoa1, apob, and apoeb were lower in the liver and the intestine (and also of apoa4 in the liver) of vitellogenic compared with nonvitellogenic females. Previous results showed a similar reduced expression for apoa4 (47) in the liver of vitellogenic females. These results propose a preferred diversion from synthesis of lipoproteins to Vtg synthesis dur- ing vitellogensis, similar to the shifting of hepatocyte lipoprotein production from generic VLDL to VLDLy (yolk-targeted lipoprotein) in the chicken (83) . Protein profiling revealed lower levels for apoA-I and apoA-IV precursor proteins in the liver, but the picture for the other apolipoproteins is not clear and additional studies are required to confirm this trend, especially in view of controversial and incomplete studies reported in the literature (see below) for fish. Due to technical (60) and in the liver of zebrafish (28) and of the common carp (55) after 17␣-ethynylestradiol (EE 2 ) treatment. 
Promoters included the 1,000-nt upstream region of the translation initiation site. ERE, estrogen response elements; RAR/RXR, retinoic acid receptors dimer; VDR, vitamin D receptor; THR, thyroxine receptor; LXR, liver X receptor; RXR/X, other RXR heterodimer binding sites; PPARs, peroxisome proliferator activated receptors; NS, statistically insignificant differences between vitellogenic and nonvitellogenic females. -, downregulated genes (P Յ 0.05); Ϫ Ϫ, downregulated genes (P Յ 0.01); ϩ, upregulated genes (P Յ 0.05); ϩϩ, upregulated genes (P Յ 0.01). Blank cells, the specific gene is not expressed in the tested tissue. Upregulation of apoeb was reported for the liver of yellow perch after E 2 treatment (23). In birds, E 2 stimulates hepatic synthesis of apoB, in parallel to VLDL-II, the yolk precursor apolipoprotein (83) . In mammals, where there is no synthesis of Vtg in the liver, treatment with E 2 is associated with an increase of apoE and apoA-I gene expression and an increase in the corresponding protein plasma levels (43, 75) . In the ovary, lower expression levels for apoa1 were observed in vitellogenic females, but the upregulation of apoa4, apoeb, and lpl supports possible absorption and reassembly of lipids within the ovary (Table 2 and Fig. 10 ). This conclusion is also supported by a substantial increase in Lpl activity in the trout ovary (5) and a higher expression of apoeb observed in the ovary of coho salmon (52) .
Nuclear Receptors Involved in Regulation of the Studied Processes
Endocrine regulation of pathways associated with retinoid and carotenoid metabolism has not been systematically studied so far, and the results from the current study reveal a complex and interwoven structure of gene regulation that could be associated with retinal synthesis during vitellogenesis. It is well known that hepatic Vtg synthesis is regulated by E 2 (3). An interesting observation is the upregulation of esr1 in all the tested tissues in contrast with the variable expression levels of all other tested nuclear receptor genes ( Fig. 6 and Table 4 ), including the other two estrogen receptors esr2a and esr2b. These two were highly upregulated in the liver but not in the intestine or ovary. The upregulation of esr1 in the intestine, liver and ovary of vitellogenic females, suggests that this ER also regulates vtg expression in extrahepatic tissues. It has been suggested that, in medaka, E 2 action is mediated by different types of ERs (13) . The current study suggests an upregulation of genes implicated in retinal synthesis (sdr, rdh10, rdh13) taking place in the liver concomitantly with the upregulation of vtgs, but it is not clear whether these genes are directly regulated by E 2 , as EREs were identified only in the examined promoter region of sdr (Table 4) . Furthermore, the expression pattern of adh5, adh8a, and adh8b associated with retinol/ retinal synthesis pathway did not change significantly during vitellogensis, although these genes display EREs in the examined promoter region (Table 4 ). An ERE was surprisingly not identified on the examined promoter region of vtg3 (Table 3) . Interestingly, vtg3 was not expressed in the examined tissues of nonvitellogenic females and males (Fig. 3) and is highly induced in the liver after E 2 treatment of males (47) . Moreover, a Ppara binding site was found in the promoter of vtg3, whereas promoters of all the other vtgs have Pparg binding sites. The expression levels we report here for vtgs 1-7 in vitellogenic livers differ from those reported recently by Meng et al. (53) , possibly due to differences in the physiological state of the sampled fish.
Regulation of several genes associated with RA synthesis by E 2 has been reported in rat uterus (48) and rat anterior pituitary cells (21) . As in the current study, the expression pattern of genes varied greatly between tissues, suggesting tissue-specific regulation (Table 4) . Estrogen, and steroid hormones in general, may regulate gene expression by alternative pathways, namely genomic and nongenomic regulation, via specific nuclear ERs (24) . Estrogens are known for their modulation of lipoprotein profiles in mammals, and in the case of apoA-I, regulation of gene expression by estrogen involves the MAP kinase pathway (43) .
In addition to E 2 , several nuclear receptors have been shown to be involved in the regulation of lipogenesis, lipoprotein metabolism, fatty acid degradation, and glucose metabolism, but the mechanisms and specific gene targets remain ambiguous. Tables 3 and 4 reveal that genes associated with lipid, retinoid, and carotenoid metabolism studied here exhibit hormone response elements known to regulate these processes. These include the oxysterol-binding liver X receptor (LXRs), thyroxine nuclear receptor (THR), vitamin D nuclear receptor (VDR), and the PPARs [PPAR␣, PPAR␤ (also known as PPAR␤/␦), and PPAR␥]. These nuclear receptors are members of the nuclear receptor family of transcription factors and activate gene transcription by forming a complex with the retinoid X receptor (RXR), followed by binding of the heterodimeric complex to specific DNA regions in the promoters of the target genes. Genes showing a peroxisome proliferator response element (PPRE) in their regulatory region encode proteins that are involved in lipid metabolism and energy balance (47, 88, 89) . LXRs regulate cholesterol catabolism, storage absorption, and transport, and fish express a single LXR gene with a sequence more similar to mammalian LXR␣ (16) . PPARs are associated with sex-dependent metabolic pathways in the liver of mammals, including estrogen-regulated pathways, and PPAR/RXR heterodimers are capable of binding to EREs, and PPAR and estrogen receptors share Vtg levels in tissue homogenates were determined for tissues collected at the end of the experiment (after 48 h of incubation). Vtg levels were determined by ELISA after in vitro exposure to 100 nM 17␤-estradiol (E2) for 0, 24, and 48 h in culture media and in tissues harvested after 48 h. Range is given per mg of tissue fresh wt of liver and ovary explants, and mean values are shown in brackets. For details see MATERIALS AND METHODS.
cofactors (reviewed in Ref. 89 ). PPARs were identified in several fish species, including zebrafish, and all the three PPAR subtypes were found to be expressed in the liver, intestine, and ovary (30, 31) . Noticeably, the expression pattern of ppar's differed between tissues (Figs. 6 and 7) . High amounts of retinal inhibited the activation of pparg (90) and can explain the lower expression level found for pparg in vitellogenic females' intestine and liver. Moreover, since Bcmo1 is a PPAR␥-regulated target gene (10) , it can also explain the lower expression of this gene in the intestine and liver. Furthermore, apocarotenals, which are generated by asymmetrical cleavage of carotenes, may also be involved in transcriptional response (90) . It is not clear at this stage whether the upregulation of pparb1 and pparb2 could be associated with vitamin A metabolism, as reported for mammalian hepatic stellate cells storing retinoids in lipid droplets (6, 27) . Surprisingly, pparg was downregulated in the liver of vitellogenic females, in contrast to its upregulation after E 2 treatment (43) . Also with PPARs, as with EREs, there is no clear correlation between the gene expression pattern and their occurrence on the gene promoter region.
In conclusion, upregulated expression of genes associated with retinal synthesis concomitantly with higher gene expression and synthesis of Vtgs were found in the liver, intestine, and ovary of vitellogenic females. Gene expression studies indicate that putative higher retinal synthesis in the liver and intestine may depend on cleavage of carotenoids, whereas that in the ovary may additionally depend on higher uptake of retinol from the circulatory system and conversion from REs stored in ovarian tissue cells. The upregulation of bcdo2 in the intestine and liver suggests a preference for asymmetrical cleavage of carotenoids in these tissues, in contrast to the ovary, where the upregulation of bcmo1 indicates an inclination for symmetrical cleavage of carotenes and luteins. These differences could be explained by the lower expression levels of pparg in intestine and liver, since bcmo1 is regulated by pparg. The lower oxidation of retinal to RA together with the higher synthesis of retinal may facilitate its binding to Vtgs synthesized during vitellogensis. While gene expression studies indicate a preference for synthesis of Vtgs over other lipoproteins, this is not fully supported by proteome profiling and awaits additional functional studies. Discrepancies between transcriptome and proteome profiling are well documented (29, 36) . In addition, differences in protein levels in a tissue may also reflect protein turnover rate and protein transport into the plasma. The regulation of genes involved in these pathways is complex and intricate, as indicated by the occurrence of multiple hormone response elements for several nuclear receptors, specifically those associated with lipid metabolism. The present study opens the way for future in-depth and focused studies on specific pathways associated with retinal and Vtg synthesis and their regulation in oviparous vertebrates. Moreover, the study may assist future investigations aiming at explaining the differences and functional importance of storage of retinal vs. storage of retinol in oviparous vertebrate species.
